INTRODUCTION
The determination of surface roughness is an important measurement in many manufacturing processes and corrosion detection schemes. These applications vary widely from the detection of surface weathering and unwanted wear of our national monuments to the detection of corrosion under insulation on the interior of aircraft skins. Besides the need for nondestructive surface inspection techniques there is also a need to monitor surface roughness during processing. One example ofthis is the molten alloy spray forming process where the roughness of the freshly sprayed surface is considered one of the best indicators of material end quality.
In this work millimeter waves are used to evaluate surface roughnesses in a manner derived from a similar optical technique studied in the early 1970's. The apparatus illuminates a spot on a rough surface with V -band, 60 GHz, millimeter waves. The resulting scattered energy contains a complex pattern of nodes and antinodes, also called a speckle pattern. The sharpness or contrast of the pattern's variations are directly related to the roughness that caused them. The technique is useful on conductive surfaces where a significant portion of the incident energy is reflected. Millimeter wave speckle contrast measurements are effective on roughnesses that do not exceed a quarter wavelength.
SCATTERING OF ELECTROMAGNETIC WAVES
The development ofthe Iaser as a portable coherent light source has made it possible to use optical speckle as a tool in nondestructive evaluation (NDE). Speckles at optical wavelengths are visualized by the eye as a grainy texture which spatially modulates the Iaser light. The treatment of optical speckle patterns is usually handled statistically since the illuminating beam is typically thousands of wavelengths across, illuminating millions of features. Optical speckle contrast measurements have been demonstrated to yield roughness information on surfaces with variations of up to approximately two thousand angstroms [ 1 ] . Although optical speckle contrast measurements can be used to evaluate microscopic roughness, many production and NDE applications require testing of much greater roughnesses, even on the order of millimeters. For such cases, microwave speckle contrast methods have been shown tobe effective [2] .
In general, speckles arise whenever there is any disturbance in a coherent electromagnetic wavefront. The resulting scatter and phase variations cause areas of constructive and destructive interference. While speckle can have many causes, in this work the speckle in the diffuse reflection of light from a rough surface is of interest. When a conductive surface is illuminated, the energy reflects into two camponents. The direct (or specular) reflection leaves the surface at an angle identical to the angle of incidence. The different facets and angles of the surface result in a diffuse camponent, spraying energy in near-random directions. The intensity ofthe diffuse field forms a Gaussian distribution centered about the direction of the specular reflection. The width of this distribution, the full width at half maximum, is inversely proportional to the surface roughness (3] .
A surface can be characterized by its out-of-plane variations (RMS surface roughness) and by the in-plane extent of its features ( carrelation length). Optical techniques of speckle cantrast measurement typically measure only the intensity ofthe speckle field. Speckle intensity cantrast is measured from a trace across the speckle pattern where cantrast is defmed as the trace's standard deviation divided by its mean. The intensity cantrast of a speckle pattern will typically be small while the surface is mirror-like and will grow with surface roughness until it saturates at 100% for RMS roughnesses approximately a quarter wavelength (source) in size. This method is not capable of uniquely determining both the RMS roughness and carrelation length. In the millimeter wave experiment the cantrast of both the real and imaginary parts of the electric field are measured. Knowledge ofthese two variables allows for the unique determination ofboth the correlation length and surface roughness.
THEORETICAL DEVELOPMENT OF SPECKLE CONTRAST
A mathematical expression relating surface roughness to the speckle cantrast can be derived by examining the experimental situation shown in Figure l . A solution will be generated for the case of transmission through a random phase grating for simplicity. This initial development follows that of Ohtsubo and Asakura [ 4] . Later, it will be adjusted for the case of diffuse reflection from a rough surface. Figure 1 shows an electromagnetic wave source (i.e. a Iaser or millimeter wave source) emitting a beam of energy that is callected and focused by a lens. The waist of this focus is positioned at a diffuse, random phase grating which is orthogonal to the optical axis. The grating is on a stage and can be translated perpendicularly to the optic axis. The lens/grating separation distance,f, is approximately the focallength ofthe lens. The detector plane is located at a distance R behind the grating. In this plane at some distance r off ofthe optical axis the detector is located.
Ohtsubo and Asakura only detect the irradiance (with a photodiode) ofthe speckle field. In the millimeter wave experiment the real and imaginary parts ofthe electric field are detected by replacing the photodiode with a hom fed mixer. The information gained by measuring the electric field's real and imaginary parts allows us to solve specifically for the surface roughness in-plane (carrelation length) and out-of-plane dimensions. R' is the magnitude ofthe vector connecting a point on the grating (at r', 6) to the detector. r'is the magnitude ofthe position vector in the plane ofthe grating.
Using the Huygens-Fresnel principle [5] the electric field at the detector can be expressedas
Where t is time or equivalently grating translation position and K, the point spread function, is expressedas
( 1) (2) l. is the illuminating wavelength; k is 21t/l.; andj is the square root of -I. Figure 2 . The microwave apparatus used to measure the real and imaginary parts of the electric field in the speckle pattern. ß is the angle of incidence. expressed as ( 3) Since the grating is at the waist's center it is assumed that the illuminating phase front is planar and, therefore, constant. w andM are the illumination spot radius and amplitude, respectively.
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T is the grating transmission function which introduces a random phase variation. It is expressed as (4) where <I> represents the phase variation across the grating. <!> is assumed to be a stationary Gaussian random variable with a zero mean value. In writing Equation 2, R' is assumed tobe many wavelengths long. R' can be further modified by using the Fresnel approximation to rewrite the point spread function (Equation 2). Next, the integral over 6 can be rewritten as a Bessel Function ofthe zeroth order. Using these modifications the electric field at the detector's location , r , can be expressed as
The grating function <1> is assumed random with a Gaussian distribution. Therefore, to develop insight into the structure of the electric field (i.e. the speckle pattern), A must be treated statistically. The assumption of Gaussian statistics is often valid even when the surface statistics are non-Gaussian. Goodman [3] invoked the Central Limit Theorem to show that, for a large number of scatters, the speckle statistics would approach a Gaussian distribution.
The goal of this development is to write expressions for the contrast of the real and imaginary parts of the electric field in the speckle pattern. These contrasts can be expressed as Similarly, expressions may be written for the variance ofthe real and imaginary parts ofthe electric fields (10)
Where a 2 + and « are the grating's resultant phase variance and lateral correlation length, respectively.
Pis expressed as 4d2 n=I 2n! (V2d)2n.,_2
In the right-hand half of the above equation the integral over r' is rewritten as a summation to expedite calculation. The :function Fis expressed as
F(x)=Ei(l,x)+Ln(x)+y(O)=-t ( -x)n .
n=I n!n (13)
Ei{l,x) is the exponential integral :function; y(O) is Euler's constant. Now combining these equations the real and imaginary electric field contrasts may be rewritten into a consolidated form
Using these two equations, the real and imaginary electric field contrasts may be calculated for the speckle pattern at a given detector location.
In the configuration for the millimeter wave experiment, shown in Figure 2 , an illuminating beam is incident on a rough surface at an angle ß to the surface normal. An expression can be written to relate the standard deviations ofthe surface roughness, ah> and the resultant phase variation, a+,
If certain precautions are taken it can be assumed that the formation of speckles in this case (reflection) are similar to those in the transmission case. It is assumed that ß and the maximum slope of surface featuresaresmall enough that variations with angle in the Fresnel reflection coefficients can be ignored. Also it is assumed that there is no shadowing or multiple scattering by surface features. Finally, the illuminating beam is polarized transverse electric (TE) to the plane of incidence to Iimit caupling to surface modes. lmproper polarization and multiple scattering may launch surface plasmons, a cause of polarization rotation at the surface and erroneous signals.
EXPERIMENTAL APPARATUS
The millimeter wave apparatus, shown in Figure 2 , is designed to measure the real and imaginary parts of the electric field. The energy from an Impatt diode, V -band ( 60 GHz), millimeter wave source is split by a directional caupler. A tenth ofthe power goes into the local oscillator leg. The remainder proceeds through an isolator and an adjustable phase shifter eventually reaching a parabolic antenna. The reflector-feed distance ofthe parabolic antenna is adjusted to image the feed's end onto the specimen's surface with TE polarization. The specimen to be examined is a piece of sandpaper on masonite backing. The sandpaper is painted with silver cantact paint to reflect the millimeter waves. Eight different grit sandpapers, ranging from 80 to 16, serve as roughness standards. All eight ofthe sandpaper specimens have been examined with a Iaser triangulation profilometer to determine their actual RMS surface roughness and carrelation length. The sandpaper is mounted on a translation stage and is moved across in front of the millimeter wave apparatus.
Two horns examine the speckle pattem. They are at distance R (= 60 cm) from the specimen. The !arger of the two, which feeds diode detector # 1, is the aiming hom. The aiming hom is positioned laterally to maximize its signal. This action is used to locate the center specular reflection. The second, smaller, hom is the signal hom. The hom separation is r which is 3 cm or 6 cm, depending on the test canfiguration. The energy callected by the small horn antenna is then mixed with the local oscillator at the bolometer, a true square law detector. The phase ofthe local oscillator can be shifted relative to the illumination beam by adjusting the phase shifter. The phase reference loop mixes nearly equal, small amounts ofthe illumination and local oscillator energy which is detected by diode detector #2. Fora given data set the stage is translated and data is callected three times, once for each of the relative phase angles 0°, 90° and 180°. The three phase adjustments are executed by hand and are of limited reproducibility. Therefore, ten data sets are collected for averaging per specimen in each ofthe two test canfigurations.
The bolometer produces a voltage proportional to the incident power. An expression may be written for the bolometer voltage as (16) In this equation Q(t) and ~t) are the amplitude and phase variations in the speckle pattern, respectively. c, represents the cambination ofhom and other efficiencies while t represents time or, equivalently, stage position. Q 0 and !1 are the local oscillator amplitude and relative phase as set by the phase shifter. The real and imaginary parts of the field are proportional to
respectively. The canstant, 4 c, Q 0 , will divide out when the cantrast is calculated. Note that the phase Iabels, 0°, 90° and 180°, arerelative and most likely do not represent the absolute phase values. The real and imaginary field components from the experimental data are canverted by a reference frame rotation to align the experimental and mathematical reference frames. The cantrast (standard deviation divided by the mean) is calculated from the experimental data sets representing the real and imaginary parts ofthe speckle field, as generated by Equations 17. These experimentally determined cantrasts are then used with Equation 14 to numerically back-calculate the correlation length and RMS roughness. 
RESUL TS AND DISCUSSION
The millimeter wave apparatus was used to examine the eight sandpaper specimens. Ten data sets were taken per specimen using the two test canfigurations. The only variation between test canfigurations was the off-axis distance, r , which was 3 cm in the frrst test and 6 cm in the second. Lasertriangulation profilometer data, the dots in Figure 3 , confrrm the inverse relationship between grit number and surface roughness. The exception is the roughness data for the 16 grit specimen which has a smaller roughness than the 20 grit specimen. This result is likely due to the increased granule spacing. On the 16 grit sandpaper the abrasive granules were visibly farther apart than the granules on the 20 grit sandpaper while their size was not proportionally bigger. These !arge gaps cause the RMS roughness to drop. The profilometer data also shows (dots in Figure 4 ) that the carrelation length is inversely proportional to the grit number. This is expected because rougher sandpapers are coated with !arger granules.
The back-calculation results, shown in Figures 3 and 4 (crosses and diamonds) , have good agreement with the Iaser triangulation profilometer data. In general, the millimeter wave system seems to cansistently slightly over estimate the carrelation length. The millimeter wave results predict the RMS roughness very nicely with the exception ofthe lowest and highest grits. At the lower grit number it is believed that the Gaussian statistics assumption is being violated because there are too few scatterers (granules) being illuminated. Note that without the paint coating which has the side effect of rounding off sharp edges and filling cracks, these results might be further off. At the highest grits it is believed that system noise is beginning to dominate the weak, low contrast, speckle signals from such relatively smooth surfaces.
CONCLUSIONS
The behavior of millimeter wave speckle/roughness measurements has been developed from basic principles. The technique is a direct offspring of a sirnilar optical technique developed soon after the invention ofthe Iaser. Equations predicting the real and imaginary speckle cantrast relative to roughness properties have been generated. A millimeter wave apparatus was built to measure the real and imaginary electric field speckle cantrast using a bolometer as a detector. Conductively coated sandpapers were used as roughness Standards. Eight grits in roughness from 18 grit to 80 grit were tested both with a Iaser triangulation profilometer and with the millimeter wave system. Results of the millimeter wave system were mathematical manipulated. The resulting back-calculation of surface roughness had good agreement with the Iaser triangulation profilometer data.
In the future, the method might be implemented using cellular phone technology to make a more precise and campact apparatus. Eventually, development could Iead to a hand held unit for field inspection of roughnesses. The technique may even be applied to air caupled ultrasound which would allow roughness determination on rough dielectric surfaces such as masonry.
